Resveratrol is one of representative ingredient in red wine, but its quantification is a challenge because of a complex and abundant matrix. In this study, two sample pretreatments, direct dilution and QuEChERS extraction, coupling LCMS analysis were examined for resveratrol quantification. Similar recoveries of 106.4 to 93.7% were obtained for direct dilution and QuEChERS, respectively. With the aid of condition optimization, QuEChERS extraction could concentrate the resveratrol from red wines to improve the detection sensitivity with a LOD value of 2.5 ng/mL, which is four-times greater than the direct dilution approach. As a result, the QuEChERS method can provide a high linearity within the concentration range of 5 -500 ng/mL, in which direct dilution produced the linear calibration curve within the concentrations of 25 -500 ng/mL. A high consistency was obtained for both approaches in which intra-day precisions were within 0.5 to 7.2% (n = 3), and the inter-day precisions were within 7.8 to 16.0% (n = 9). Overall, the sample pretreatment of QuEChERS can effectively reduce the matrix effect, which leads LCMS to quantify the low resveratrol abundance of 8.0 ppb in each red wine sample, which is not achieved with the direct dilution approach. † To whom correspondence should be addressed E-mail: sfchen@ntnu.edu.tw
Introduction
Resveratrol (3,5,4′-trihydroxy-trans-stilbene) (Scheme 1) belongs to phytoalexin which in produced naturally by certain plants as a response to injury, or when the plant is suffering from an attack of pathogens, like bacteria or fungi. Resveratrol made its debut in 1939, when Takaoka, a Japanese scientist, isolated it from white hellebore. 1 In the 1990s, effort on resveratrol study defines their benefits, [2] [3] [4] and following studies further demonstrated the potency for treatments of anti-cancer, anti-inflammatory, anti-oxidation, anti-obesity, cardiovascular protective. Moreover, preliminary animal studies demonstrate its capability in promoting metabolism that was suspected to prolong the life of human beings. [5] [6] [7] [8] It has been found in sorts of fruits, including a nuts, chocolate goods, berries, and some tomatos. 9 Interestingly, grape-fermented red wines contain a significantly high quantity of resveratrol, which is about 10 to 100-fold more than the others. 10, 11 As one of effective ingredients, the resveratrol abundance could be an informative index for health control. For red wines, however, detecting the low abundance resveratrol in a complex matrix will be challenge. To date, there are numbers of preparation strategies for resveratrol analysis that have been reported; solid-phase extraction (SPE), 12, 13 magnetic hydrophilic/ carboxylated multi-walled carbon nanotubes (h/c-MWCNTMNPs), 14 stir bar sorptive extraction (SBSE), 13 liquid-liquid extraction (LLE). 15 When it comes to an ideal preparation method, low solvent usage, cost-effective, fast and easy operation, high selectivity, and high extraction efficiency have to be taken into consideration. In addition, having a good combination capacity with a wide variety of analysis strategies is also advantageous for a preparation method. In 2002, a quick, easy, cheap, effective, rugged, and safe method, called "QuEChERS", was developed. 16 The QuEChERS extraction method was first designed for multi-pesticides residue analysis of vegetable and fruit samples 17, 18 The advantages of QuEChERS are high recovery, high precision and accuracy, low-cost organic solvent and simple procedures. There are three main processes while operating QuEChERS extraction: sample homogenization, liquid-liquid microextraction (LLME), and dispersive solidphase extraction (dSPE). The complex samples should be homogenized to ensure that the samples are eventually spread in the liquid, as well as increasing the surface area for extraction. Next, an organic solvent is used to do LLME with the addition of salts. After liquid-liquid microextraction, dispersive SPE is sequentially operated. The purpose of the dSPE step in the QuEChERS extraction strategy is to enhance the S/N ratio of the analyte by removing any impurities in the matrix, so as to get rid of noise in the mass spectrum. In comparison with traditional liquid-liquid extraction, the QuEChERS method requires less solvent, and chloro-solvents with high toxicity can be avoided. Besides, it is cost-effective, has a simpler procedure, a shorter preparation time, and a higher throughput compared to solidphase extraction. Recently, many have optimized the parameters of the QuEChERS extraction method based on the chemical properties of their target compounds. [19] [20] [21] The direct dilution method is operated by diluting a sample with a certain solvent to reduce the matrix effect. Unlike other strategies, sample loss can be avoided when using the dilution method, since the chosen solvent aliquot is added without any transferring or extraction steps. Therefore, the approaches of direct dilution and QuEChERS were compared, and we evaluated their capability by quantifying the low abundance resveratrol in red wines.
In addition to sample pretreatment, the selection of detection platform is important since it must fit the demands of the sample pretreatment, and provide high selectivity for target quantification.
To date, several methods for resveratrol separation and detection have been conducted, such as: liquid chromatography-mass spectrometry (LC-MS), 14, 22, 23 gas chromatography-mass spectrometry (GC-MS), 15 capillary electrophoresis (CE). 24 HPLC-electrochemical detection, 25 HPLC-fluorescence detector, 13, 26 LC-chemiluminescence, 27 HPLC-ultraviolet (UV), 28 nuclear magnetic resonance spectroscopy (NMR). 9 Among these analytical platforms, liquid chromatography-tandem mass spectrometry (LC-MS/MS) can provide the advantages of superior sensitivity and selectivity. In the study, multiple reaction monitoring (MRM) acquisitions on triple quadrupole mass spectrometer (QqQ) were used for the quantitative purpose, since it can select ions based on the determined transition setting, and scan the ion intensity for further quantification. A total of 6 red wines were tested in the present study. To the best of our knowledge, this is the first report that evaluates the efficient QuEChERS extraction with LC/MS for the analysis of resveratrol in red wines.
Experimental
Reagents and chemicals Standard and reagents. Standard of trans-resveratrol (99% purity) was obtained from Sigma-Aldrich (USA). Acetonitrile (Merck, Germany) was of HPLC grade, and formic acid (J. T. Baker, USA) was of ACS grade. Ultrapure water (Milli-Q) was obtained from Millipore system (France). Sodium chloride, and magnesium sulfate anhydrous were from J. T. Baker. Three kinds of sorbents used in the dispersive solid phase extraction (dSPE) step are listed below: Primary and secondary amine (PSA) SPE bulk sorbent (Agilent Technologies, USA), SiliaBondR C18 (17%), 40 -63 μm, 60 Å (Silicycle ® Inc, Canada), Graphitized Carbon Black (GCB) (Waters, Ireland). Samples. Six different kinds of red wines were obtained from local markets in Taipei, Taiwan. Two of them came from Spain; two from France, one from Australia, and one from Taiwan. Sample preparation. Two different sample preparation strategies were operated in this study, including dilution and QuEChERS extraction, their workflows are shown in Fig. 1 . Red wine sample preparation of dilution. The dilution strategy was simply dilute 5 aliquot of red wine, then being injected into the LC-MS/MS system for analysis. We expected a lower matrix effect with the 5-fold diluted due to the less composition complexity of red wine. Red wine sample preparation of QuEChERS. We designed a QuEChERS extraction methodology for trans-resveratrol in red wines. In a 50-mL tube, 5 mL of red wine was taken and diluted with 5 mL of ultrapure water. After adding 10 mL of acetonitrile, the tube was vigorously vortexed to extract the sample for 1 min. Subsequently, 3 g of anhydrous magnesium sulfate and 1 g of sodium chloride were applied to remove any residual water in acetonitrile, which improve the separation between the organic and water layers. The tube was first vortexed for 1 min, and then centrifuged at 5000 rpm and 10 C for 4 min; and 4 mL of the upper layer (organic layer) was transferred to another 15 mL tube. In the dispersive SPE step, 300 mg PSA and 300 mg anhydrous magnesium sulfate were added to the 15 mL tube. This tube was vortexed for 1 min, and centrifuged at 5000 rpm at 10 C for 4 min. Next, 500 μL of the liquid extract was placed into a 1.5-mL eppendorf tube and dried with a miVac concentrator system (Genevac, Ipswich, England), then redissolved with 100 μL of water-acetonitrileformic acid at a ratio of 94.9:5:0.1 (v/v/v).
Apparatus
Liquid chromatography. The LC analyses were performed on an Agilent 1200 liquid chromatographic system (Agilent, USA). A Phenomenex Synergi TM Fusion-RP analytical column, 2.0 × 50 mm, 4 μm, 80 Å (Torrance, CA) maintained at 37 C was used for the separation. The composition of mobile phases A was 2% ACN + 0.1% FA, and mobile B was 98% ACN + 0.1% FA. In order to improve the ionization efficiency in the positive ESI mode, 0.1% formic acid (FA) was added into both mobile phase A and B, serving as a proton donor and an ionpairing reagent. The rapid gradient profile was: (1) 0 -2 min, held at 2% B, (2) 2 -10 min, raising linearly to 80% B, (3) 10 -13 min, held at 80% B, (4) 13 -14 min, falling linearly to 2% B, (5) 14 -20 min, held at 2% B; all programs were operated at a flow rate of 300 μL/min. The injection volume was 10 μL, and the total run time was 20 min.
Mass spectrometry.
Mass spectrometric analyses were performed on a AB Sciex API 4000 triple quadrupole mass spectrometer (QqQ). The electrospray ionization (ESI) operated in the positive-ion mode was used to obtain data of transresveratrol in red wines. The multiple reaction monitoring (MRM) mode was operated with a dwell time of 200 ms, including 3 transitions for each analysis. The mass spectrometric parameters were listed as below: ionspray voltage, 5500 V; ion source gas 1 and gas 2 were both 30 (arbitrary units). The collision gas and curtain gas were both 10 (arbitrary units). The drying gas temperature was 500 C. The optimal voltage parameters were the declustering potential (DP), 75 V. The entrance potential (EP), 10 V. The collision energy (CE) was 32 for both 229/107 and 229/91, and 21 for 229/135; the cell exit potential (CXP) was 8 for 229/107, 10 for 229/135, and 7 for 229/91. The peak area of transition 229/107 with the highest intensity was used for resveratrol quantification. Q1 and Q3 were both set under unit mass resolution, of which the full width at the half-maximum height (FWHM) was 0.7 Da. The dataacquisition software was Analyst ® 1.6.2.
Method validation
Stock solution preparation. The peak areas of trans-resveratrol quantitative transition were used for establishing calibration curves. The stock solution of resveratrol was spiked into a blank red wine, in which no trans-resveratrol had been detected. A series of resveratrol standards in blank red wine matrix were prepared with concentrations of 2.5, 5, 10, 25, 50, 100, 250, 500 ppb. Triplicate analyses were performed to investigate reliability and to evaluate the linearity. Sample quantification. In this experiment, three calibration curves were accomplished by triplicate injections and weighted by 1/x. The standard calibration curve was sketched by the standard-spiked solvent with water-acetonitrile-formic acid at a ratio of 94.9:5:0.1 (v/v/v). The 5-fold diluted calibration curve was plotted by spiking resveratrol into a blank red wine (wine 3) before injection. The QuEChERS calibration curve was constructed by spiking resveratrol into a blank red wine (wine 3), then performed QuEChERS extraction. LOD and LOQ of resveratrol were defined as the signal-to-noise ratio of 3 and 10.
The intra-day precision was determined by operating three-time analyses for concentrations of 25, 100, 500 ppb within one day. The inter-day precision was determined by performing triplicate analyses for concentrations of 25, 100, 500 ppb on three successive days. The recoveries were obtained by triplicate analyses, using 25, 100, 500 ppb analyte-spiked blank red wine samples. The recovery percentage is defined as the measurement of the trans-resveratrol concentration in the red wine matrix divided by the theoretical concentration of the standard. The matrix effect was defined as the ratio between the slope of the matrix-matched calibration curves and the standard (solventbased) calibration curve. Before evaluation of the matrix effect, the slopes of the 3 curves were normalized by their dilution factor.
Results and Discussion

Sample preparation
There are various kinds of components in red wines, for example: ethanol, water, tannins, polyphenols, proteins, and so on. In this study, our target analyte was trans-resveratrol. To avoid any severe matrix effect, the variables should be eliminated. By sample preparation, we could obtain better and more reliable analytical results.
With regard to the direct dilution approach, the ratio of wine and water, 1:4, was applied after the optimized protocol, while for the QuEChERS extraction strategy, the parameters were optimized, which referring to Pizzutti et al., 29 including: the initial weight of wine, amount of acetonitrile and MgSO4 used in LLME step, shaking time, centrifuging rate. In this part, we focus on the optimization process of the QuEChERS extraction strategy, using wine number 6 in this experiment.
Ethanol is one of the major ingredients in red wine. It interferes with phase partition inevitably. To reduce the influence of alcohol and other matrix components, we adjusted the dilution ratio between red wine and water. The result is shown in Fig. 2(a) . One to four as red wine/water ratio is selected because of its highest extraction efficiency. We further checked the composition of the extraction solvent, which is also related to the extraction efficiency. As shown in Fig. 2(b) , therefore, pure acetonitrile was applied as the extraction solvent. Magnesium sulfate, sodium sulfate and sodium chloride are salts frequently used in QuEChERS extraction approaches to facilitate solvent separation. 20, 30 In this work, the usage of NaCl and MgSO4 was adjusted based on Fontana et al. 31 After liquid-phase microextraction, dispersive SPE (dSPE) is sequentially performed to enhance the S/N ratio of the analyte by removing any impurities in the sample matrix. There are various types of commercial dSPE sorbents, which are suitable for analytes with different characteristics. By comparing 4 kinds of dSPE sorbent combinations, PSA plus MgSO4 provided the highest extraction efficiency (Fig. 2(c) ). The overuse dSPE sorbent may lead to sample loss; on the contrary, an insufficient amount of dSPE sorbent may cause an incapability of the sample matrix clean up. The result of dSPE usage is shown in Fig. 2(d) . Finally, we chose 300 mg of PSA and 300 mg of MgSO4 as the dSPE sorbent.
Validation of the method
The two methods with different sample-preparation strategies were validated by: the linearity, the limit of detection (LOD) and the limit of quantitation (LOQ), intra-day and inter-day precision, recovery, and the matrix effect.
The two proposed methods using dilution and QuEChERS extraction preparation strategies combining LC-MRM analysis were evaluated by the linearity, LODs and LOQs, intra-day and inter-day precision. The stability of resveratrol in red wine was monitored by a time-course experiment on wine 6. The result indicated that there was no significant change during a oneweek tracking period. Three transitions were selected, including: 229/107, 229/135, 229/91, representing the 3 most intensive product ions of resveratrol (Fig. 3(a) ). Table 1 list the linearity of the calibration curves. The QuEChERS extraction strategy coupling LC-MRM MS demonstrated a linear range from 5 -500 ng/mL (correlation coefficients >0.9992) with LOD 2.5 ng/mL and LOQ 5 ng/mL.
In contrast, a direct dilution approach coupling LCMS can provide linear calibration curve within the concentration range of 25 -500 ng/mL (correlation coefficients >0.996). The accuracy was in the range from 74.6 to 111.2%, and CV was smaller than 6.8%. However, we had found out that CV was as high as 34.3% at a concentration of 5 ppb when the QuEChERS extraction strategy was used. This was possibly because a relatively massive sample loss during the extraction process under the low-concentration condition. According to Table 2 , the intra-day precision ranged from 0.5 to 7.23% (n = 3), and the inter-day precision ranged from 7.8 to 16.0% (n = 9). The results indicated that both the repeatability and reproducibility of this method were reliable. The recoveries with the two different preparation strategies ranged from 93.7 to 106.4% with the RSD less than 7.8% (n = 3) ( Table 3 ). The recoveries indicated that the methodology provided a good extraction efficiency for resveratrol in red wines.
Matrix effect
The matrix effect of the two preparation methods were compared to evaluate the degree of ion-suppression or ionenhancement. The matrix effect was defined as dividing the difference between the slope of the matrix-matched calibration curve and the slope of the standard solution by the slope of the standard solution. 32 Since it is significant to eliminate the influence of any unequal concentration on the column using the two different preparation processes, the slopes of the matrixmatched calibration curves were first normalized by their dilution factor before a calculation. This outcome revealed the existence of an ion-suppression effect, while 5-fold dilution methodologies were performed. Moreover, it also showed that the slope of the calibration curve from QuEChERS extraction approach were practically the same to any standard. QuEChERS extraction method had the advantage of sample concentrating without interferences from the complicated matrix. It could effectively enhance the sensitivity of the target analyte with this benefit. 
Detection of trans-resveratrol in real red wine samples
In order to quell any doubt about whether the concentration of resveratrol in red wine decays as time goes by, we used the optimal QuEChERS-LC-MS/MS strategy to perform a timecourse experiment, which was sealed before we started our experiment. The result shown in Fig. 4 , indicates that was no obvious difference occurred between 0 and 168 h during a oneweek tracking experiment.
In Fig. 3(b) , the 4 major peaks in the MRM spectrum of a red wine sample are listed with increasing their retention time: trans-piceid, cis-piceid, trans-resveratrol, and cis-resveratrol. 33 With the method in this study, the 4 isoforms could be well separated by a short (5-cm) reverse-phase column by their polarity and hydrophobicity difference. Besides identifying which peak referred to trans-resveratrol by ensuring the retention time of a commercial standard with the same LC condition, the standard-addition method was also performed to confirm the signal peak of resveratrol. Eventually, six different kinds of red wines were bought from a local market in Taiwan, and are given as w1 to w8 in Table 4 . Resveratrol was detected in 4 out of 6 red wines, within the concentration range from 8.0 to 322.2 ppb. Besides, red wine w3 was used as a blank red wine, in which no trans-resveratrol was detected.
Conclusions
Efficient QuEChERS extraction combined with LC-MS/MS for the quantitative analysis of resveratrol in red wines was developed and verified in this study. It has not been reported elsewhere to the best of our knowledge. A series of optimizations was conducted and investigated. 1:1 as dilution factor of red wine and water is applied, 300 mg PSA plus 300 mg MgSO4 as dSPE sorbent, and 100% acetonitrile as the extraction solvent giving the best result. The linearity was range from 5 -500 ng/mL with a LOD of 2.5 ng/mL and LOQ of 5 ng/mL. Besides, the QuEChERS extraction strategy gives a better linear dynamic range and a superior sensitied comparison with dilution approach. Furthermore, resveratrol was detected in 4 out of 6 red wines obtained from local markets, within the concentration within 8.0 to 322.2 ppb. Although the precision of the direct dilution method was comparable to the QuEChERS method, the QuEChERS method could remove matrices more efficiently, such that superior linearity, LOD and LOQ were achieved than in the direct dilution method. In terms of the sensitivity and linear range, QuEChERS extraction with LC-MS/MS provides a suitable method for the quantification of resveratrol in red wines. Red wine w3 was used as a blank matrix, in which no resveratrol was detected.
